| ORIGIN OF ANEUPLOIDIES
Mosaicism is defined as the presence of two or more cell populations with distinct genotypes in an individual who developed from a single zygote. Any genetic abnormality can be mosaic, including point mutations, small deletions and duplications, or copy number variants. Chromosomal aneuploidy is the most common type of mosaicism.
Most chromosomal aneuploidies originate from errors during meiosis (Webster & Schuh, 2017) . Meiosis has two phases. In the first phase, chromosomes duplicate their genetic material and separate. In the second phase, the homologous sister chromatids separate. When chromosomes separate normally, two homologs are segregated to each daughter cell. In most cases, aneuploidies are caused by nondisjunction or premature separation of chromosomes or chromatids.
When nondisjunction occurs, one daughter cell is left without any copy of the mis-segregated chromosome. Errors that occur in either of the two meiotic phases result in mis-segregation of chromosomes and lead to aneuploidies, but with distinctive patterns of abnormal gametes. Depending on when the error occurs, either one or two of four gametes are left without a complete chromosomal complement.
Errors in Meiosis I are more likely to result in aneuploid offspring, because they result in more aneuploid gametes. Meiotic errors will affect the entire embryo, because zygotes that are created by fertilization of an abnormal gamete are constitutionally aneuploid.
Aneuploidy of human oocytes is common. In one study, fluorescence in situ hybridization (FISH) detected aneuploidies in 20% of oocytes from 35-year-old women. The percentage of aneuploid oocytes increases with age such that by age 43, 60% of oocytes are affected (Webster & Schuh, 2017) . A substantial proportion of spontaneously aborted fetuses are aneuploid. The most frequently aneuploid chromosomes are acrocentric and sex chromosomes, which are most likely to align abnormally along the meiotic spindle. Sister chromatids also tend to lose cohesion with age due to loss of the material that binds them together. However, unlike other chromosomal aneuploidies such as Down syndrome, the likelihood to conceive a child with Turner syndrome (TS) does not increase with either maternal or paternal age.
Approximately 50% of TS cases are attributed to meiotic nondisjunction, because the chromosomal complement is 45,X in all tissues that are examined and there are no other detectable cell lines. In these cases, we assume that fertilization of one aneuploid egg or sperm created a homogenous embryo. In 75% of TS individuals with a 45,X karyotype, the single X chromosome originates from her mother (Zhong & Layman, 2012) . A two by two table is useful to illustrate all possible outcomes of matings when there is male or female meiotic aneuploidy ( Figure 1 ). We would actually expect to observe a 2:1 ratio of maternal to paternal X chromosomes in 45,X offspring due to the nonviability of 45,Y cells. Few, if any, physical traits are significantly different between TS patients who inherit a maternal or paternal X chromosome (Mathur et al., 1991) . Therefore, it may be important to interrogate different tissue types when evaluating the extent and significance of mosaicism.
| IMPACT OF SOMATIC MOSAICISM
Somatic mosaicism for monosomy X is relatively common in the general population. In peripheral blood genotypes from thousands of unselected individuals, the overall prevalence of monosomy X mosaicism is 2 to 3%, but proportionally increases with age (Machiela et al., 2016) . These observations confirm that mitotic nondisjunction events accumulate over time and are probably related to defects in chromosomal segregation with aging. The most frequent cause of somatic monosomy X is the loss of the Y chromosome in males, but a substantial proportion of these events also occur in females. Y chromosome mosaicism is associated with a substantial burden of deleterious clinical consequences, including shorter survival and blood dyscrasias (Forsberg et al., 2014) . In older females, the clinical consequences of sex chromosome mosaicism are not yet known. These observations suggest that the prevalence and potential burden of monosomy X mosaicism may be much greater than previously understood.
What is the potential impact of somatic mosaicism? Aneuploid cells are more prone to undergo programmed cell death or to develop premature senescence. Increased rates of cell death may result in smaller organ sizes or susceptibility to aging-related phenotypes, such as coronary atherosclerosis, when somatic mosaicism is substantial (Freed, Stevens, & Pevsner, 2014) . Aneuploidy can also predispose to tumor formation if aneuploid cells lose tumor suppressor gene functions. Therefore, mosaic aneuploidy can promote tissue-specific phenotypes depending on how dosage-sensitive genes in aneuploid cells may affect organ development and functions ( Figure 2 ).
| RELEVANCE TO CARDIOVASCULAR DISEASE IN TURNER SYNDROME
TS is a promising model to study the effects of mosaic aneuploidy because of the prevalent and profound impacts of mosaicism on cardiovascular disease and other TS-related phenotypes. More than half of TS patients are mosaic, including one-third who harbor structural X chromosome variants, including partial deletions, isochromosomes, and ring chromosomes, which are more likely to segregate abnormally during mitotic cell divisions. As you might expect, the phenotypes and outcomes of mosaic TS patients tend to be milder, in comparison with patients who are constitutionally 45,X in peripheral blood. For example, the frequency and severity of cardiovascular defects are both significantly lower in mosaic patients. In general, mosaicism modulates phenotypes by decreasing their penetrance. From observational studies, we know that clinically recognizable TS phenotypes are associated with at least 6-8% mosaicism in adult patients. Prenatally diagnosed individuals with low-percentage mosaicism may develop few clinical features of TS (Homer et al., 2010) .
We hypothesize that reduced X chromosome dosage in specific tissues of mosaic individuals with TS causes developmental defects.
The patterns of cell and organ defects in TS form a roadmap that tells us precisely where X chromosome genes are required for normal growth and development. This is a unique opportunity to dissect the biology of the X chromosome at specific developmental time points.
As discussed in relationship to autopsy, tissues that are most frequently affected by TS, such as brain, heart, thyroid, aorta, ear, and kidneys, are valuable resources to study the effects of mosaicism and X chromosome dosage. The penetrance and severity of defects depend on the timing of X chromosome loss, the percentage of cells that retain two X chromosomes, and other genetic factors. My specific task is to discuss aortic dissection, but the effects of mosaicism are relevant to all TS phenotypes.
Using whole genome single nucleotide polymorphism microarray data, it is possible to extrapolate the percentage of aneuploid cells in mosaic tissues by evaluating two types of measurements: the frequency distribution of allelic genotypes and fluorescence intensities (Conlin et al., 2010) . In diploid segments of the genome, a genotype with two alleles (A or B) can only adopt three states: homozygous A, heterozygous, or homozygous B. A duplication is usually detectable as an increased number or "skewing" of allele frequencies, whereas loss of heterozygosity may indicate a deletion. Fluorescence intensity varies proportionately with the quantity of DNA at a given genomic location in duplications (3:2 copies or 33% increase) or deletions (1:2 copies or 50% decrease). We can correlate these measurements with validated statistical models to estimate the percentage of aneuploid cells We analyzed the peripheral blood mosaicism of more than 400 individuals with TS and categorized individuals based on X chromosome (Prakash et al., 2014) . We distinguished 45,X/46,X,X mosaicism from structural variants that included deletions, isodicentric chromosomes and derivative chromosomes. The prevalence of bicuspid aortic valve (BAV) and other leftsided congenital heart lesions, such as pulmonary vein anomalies and hypo plastic left heart syndrome, is significantly reduced in mosaic TS patients, but is also strongly associated with X chromosome structural variation (Olivieri et al., 2013) . BAVs are most prevalent in persons with a peripheral blood karyotype of 100% 45,X cells, but are rare in persons with isochromosomes ( Figure 5 ; Yeşilkaya et al., 2015) . None of 15 patients with nonmosaic isochromosomes in our study had BAV.
If reduced X chromosome dosage drives the prevalence of BAV in TS, why is the prevalence of BAV not similar in X,Y males? We hypothesize that dosage-sensitive gene(s) on the Y chromosome and on the long arm of the X chromosome may at least partially compensate for the reduced dosage of causal X chromosome gene(s) in monosomy X patients. In TS patients, compensatory Y homolog(s) are not present, so that reduced X gene dosage may lead to BAV (Figure 6 ).
The truth is probably not this simple, but forms the basis of a working model to understand congenital heart defects in TS.
We were unable to identify any significant linear relationships between the percentages of aneuploid cells in peripheral blood and the likelihood of aortic or valvular disease. However, even lowpercentage mosaicism appears to be sufficient to prevent congenital heart defects. To untangle this paradox, it is helpful to point out that the risk to have an aortic dissection is not proportionally distributed in TS. Dissections are relatively rare even in nonmosaic patients with permissible karyotypes, but can also occur in mosaic patients. Therefore, additional risk factors, such as hypertension, must be essential to cause dissections and are useful to identify patients who may be at increased risk . Dr. Cheryl Maslen highlighted the potential modifying effects of additional genetic factors, such as a second "hit" or genetic mutation elsewhere in the genome, on aortic disease in TS (Corbitt et al., 2018) . Any of these factors may confound the relationship between mosaic aneuploidy and phenotype.
The relationship between mosaicism in peripheral blood and leftsided congenital heart defects in TS is unlikely to be coincidental. We know that blood and endocardial cells that give rise to the aortic valve and ascending aorta are derived from a common mesodermal precursor, the hemangioblast. Potential interactions between aneuploid and euploid cells in mosaic hemangioblast derivatives are illustrated in Figure 7 . In example A, the mosaic tissue secretes a paracrine developmental factor to promote aortic valve remodeling (Goddard et al., FIGURE 5 Association between mosaicism, X chromosome structural variants and prevalence of BAV. Iso: Isochromosomes; noniso: All structural variants besides isochromosomes. The graphic illustrates the linear relationship between BAV prevalence (%) and mean Xq dosage. These data imply that both Xp and Xq gene(s) contribute to CHD in TS FIGURE 6 Proposed mechanism to explain the 50-to 100-fold increased prevalence of BAV and aortic dissection in TS ). In this scenario, relatively few cells may need to function normally in order for valve development to proceed. Therefore, the relationship between percent mosaicism and valve defects may be unpredictable and subject to stochastic variation. Alternatively, a cell autonomous mechanism, where neural crest cells invade the endocardial cushions, may also be required for aortic valve development (Wu et al., 2011) . In example B, we would predict a more linear relationship between the percentage of mosaicism and phenotype. Heart valve development requires ectodermal (skin, saliva) and mesodermal (blood, cardiac tissue) cell lineages that may exhibit divergent associations between mosaicism and phenotype. Thus, the distribution of aneuploid cells in different cell lineages can provide insights into developmental mechanisms. By sampling the prevalence of mosaicism in different tissues, we could apply this approach to dissect the cellular pathology of diverse TS developmental defects.
| DETECTION OF SOMATIC MOSAICISM
The availability of new molecular techniques has greatly expanded the sensitivity and accuracy of aneuploidy detection. Quantitative PCR, or qPCR, is useful to measure the genomic copy number of different regions of the X chromosome. qPCR probes may be designed to distinguish X chromosome structural variants from the normal X chromosome based on differential gene dosage, to create sensitive and specific assays for tissue mosaicism (Figure 8 ; Campbell, Shaw, Stankiewicz, & Lupski, 2015) . RNA sequencing can be used to measure X chromosome mosaicism in small tissue samples with precision. We can quantify and may be directed to differentiate into any cell type. We currently utilize 3D organ coculture models with different iPS derivatives to determine how mosaicism affects cardiac development in TS. Our goal is to identify critical cell lineages and signaling pathways that might be disrupted during these developmental time points. The origins of phenotypic variability in TS remain mostly hidden to us. Molecular techniques present the first real tools to assess this major factor in TS biology.
In conclusion, mosaicism is a prevalent and potent modifier of TS phenotypes. We should prioritize systematic efforts to analyze mosaicism, because it is at least as important as other factors that influence the penetrance and severity of TS-related conditions. The distribution and variation of mosaic phenotypes also provide valuable clues about the origins of TS developmental defects. New minimally invasive molecular methods can quantitate the extent of mosaicism and allow us to understand how it may affect organ and tissue formation. 
